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SUMMARY  
The purpose of this project is the creation of a controller for an autonomous robot. To achieve 
this, the accelerometer of the STM32F4-Dsicovery board will be used which will be 
coupled to the robot.  
This project it is an extension of previous projects referenced below which worked with the same 
robot implementing the following application: 
- Design and implementation of a line tracking system for the robot. 
- Design and implementation of a WiFi communication system for the robot. 
The extension will be the design and implementation of a PD controller for the line tracking robot. 
The innovation will be the use of the acceleration data obtained directly from the accelerometer 
MEMS of the discovery board in order to design the derivative controller. 
First step will be the theoretical design of the controller using the Routh-Hurwitz theorem and the 
following simulations using Matlab and Simulink, to prove the response of the robot that will be 
expected in the experimental tests. 
Once the controller is designed, the discovery board will be programed in order to implement the 
controller. To condition the data acquired for the accelerometer it is going to be designed a first 
order low-pass filter and an axis rotation system in order to use this data for the controller. 
Finally, using a communication system and the line tracking system it is going to be proved the 
real response of the robot and the controller by experimental tests in a closed circuit. 
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1. Introduction 
1.1. Objectives and scope of the project 
The main objective of the project is to design and implement a PD controller in an autonomous 
vehicle using the development board STM32FA-Discovery. The idea is to use the acceleration data 
from the accelerometer MEMS as the input signal of the derivative controller. 
In order to implement the controller in the board, because of the predetermined conditions of the 
accelerometer, values obtained directly are not correct since is affected by disturbances of the 
environment (noise), the offset on each axis and the orientation of the board respect the vehicle, 
as it could not be completely parallel to this giving incorrect values. Therefore, it is necessary to 
implement a low pass filter to remove noise signal and a rotation system for the axis so the z 
component is always aligned with gravity. 
Once the controller is designed and the simulations has been done, the objective of the project is 
to compare the response of the system obtained in the simulations with the real response of the 
robot obtained in experimental tests. 
 
In order to achieve it previous projects have been used from where it has been used the 
kinematic and dynamic studies of the system and the line tracking system from [1] in order to 
design the new controller and the experimental test, and from [2] the communication system in 
order to prove the response of the robot. 
The final point of the work is the comparison of the response that is to be obtained according to 
the calculated parameters and the actual response, since the model of system used is a very 
simplified model that does not take into account frictions, parameters of the motor and others 
that alter the behaviour of the vehicle. 
  
 
Figure 1 – STM32-Discovery Board 
 
Figure 2 – Vehicle Robot 
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2. Control design 
2.1. Model 
As mentioned above, the model proposed is according to the line tracking study from [1] where a 
PI controller is used to perform this control. The kinematic model used is the following 
 𝑢1 =
𝑟
2
(𝜔𝑅 +𝜔𝐿) (1)  
 𝑢2 =
𝑟
2 · 𝑅
(𝜔𝑅 −𝜔𝐿) (2)  
Where 𝑢1 is the linear speed, 𝑢2 is the angular speed of the vehicle and 𝜔𝑅 and 𝜔𝐿 are both the 
angular speed of the right (R) and left (L) wheels. The parameters 𝑟 and 𝑅 are form the vehicle 
design and presented in the following table 
PARAMETER MEANING MEASURAMENT [SI] 
R Distance between the wheels 0.17 
r Radius of the driving wheels 0.035 
l Distance from the axle to the tracking sensor 0.068 
la Distance from the axle to the accelerometer 0.09 
TABLE 1 – VALUES OF VEHICLE PARAMETERS 
Other variable parameters that must be taken into account are d which is the distance of the 
sensor to the line, θ which is the angle formed by the axes of the vehicle with the real axes o’x’y’, 
σ(q) which is the curvature of the line in each point and θq which is the angle formed by the 
direction of the line and the real axes. 
 
Figure 3 – Scheme of the vehicle and the line that follows 
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On the other hand, the points P, B, A and Q correspond respectively to the line tracking sensor, 
the middle point of the axis of the wheels, the accelerometer and the point of the line to which it 
is directed. 
It should be taken into account that throughout the project it has worked with a linear speed 𝑢1 
of 0.18m/s. 
As a two-wheeled vehicle is used, the rotation centre it is located in the middle of the wheel axel 
so the kinematic model of it with respect to this point B is given by the following system 
 
{
?̇?′ = cos(𝜃) 𝑢1
𝑦′̇ = sin(𝜃) 𝑢1
?̇? = −𝑢2
 (3)  
After determining the desired trajectory followed by the vehicle and linearizing the system, 
calculated in [1] the following transfer function of the plant of the system is obtained 
 
𝐺(𝑠) =
𝐷(𝑠)
𝑈2(𝑠)
=
𝑙𝑠 + 𝑣𝛼
𝑠2 + 𝑣2𝑐2
 (4)  
Where 𝛼 = √1 − 𝑙2𝑐2  , the input signal is the angular speed 𝑢2 and the controlled parameter is 
the distance to the line 𝑑. The parameter 𝑙 is defined in the table above, 𝑣 is the linear speed 𝑢1 
and 𝑐 is the curvature defined as 1 𝑅𝑐𝑢𝑟𝑣
⁄ , where 𝑅𝑐𝑢𝑟𝑣 is the radius of the curve of the path 
followed. 
 
2.2. Analysis and control tuning 
Parting from the system model from [1] showed as follow  
 
 
Figure 4 – Scheme of control of the trajectory taken from [1] 
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The line tracking control is a PI controller that takes as the control parameter the distance 
between the vehicle sensor to the line of the circuit, so as it is considered the reference distance 
𝑑𝑟𝑒𝑓 equal to zero, the error signal 𝑒1 corresponds to 
  𝑒1 = 𝑑𝑟𝑒𝑓 − 𝑑𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = −𝑑𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (5)  
As it is known that the derivative action gives a better response it is been decided to implement a 
PD controller, where the derivative signal will be the data take it directly from the accelerometer 
so a causality problem it is avoid. The proportional action will take as input signal the same as 
before. 
It must be taken into account that we need speed data in order to implement the derivative part 
so as the accelerometer gives acceleration data, it is necessary to incorporate an integrator 
element.  
The idea is that the speed in y axis 𝑣𝑦 (angular speed), given by the accelerometer data is 
transferable to the speed of the tracking sensor since the vehicle is working as a rigid as follows 
 
?̇? = −
𝑙
𝑙𝑎
𝑣𝑦 (6)  
Where 𝑙𝑎  the distance between the accelerometer and the rotation is B, and 𝑙 is the distance 
between the rotation centre and the sensor of the line tacking. These values are determined in 
Table 1. 
So as it is considered the reference value of it equal to zero  ?̇?𝑟𝑒𝑓 = 0 , the error signal 𝑒2 
corresponds to 
 𝑒2 = ?̇?𝑟𝑒𝑓 − ?̇? = −?̇? (7)  
So 𝑢2 will be determined by the following signal 
 
𝑢2 = 𝐾𝑃 · 𝑒1 + 𝐾𝐷 ·
𝑑𝑒2
𝑑𝑡
= 𝐾𝑃 · (−𝑑𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) + 𝐾𝐷 ·
𝑑(−?̇?)
𝑑𝑡
 (8)  
 
Figure 5 – Scheme of the kinematic relation (6) 
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Where 𝐾𝑃 is the proportional gain and 𝐾𝐷 the derivative gain. 
Finally, the transfer function of the controller and the final model is the following 
 𝐶(𝑠) = 𝐾𝑃 + 𝐾𝐷𝑠 (9) 
 
𝑊(𝑠) =
𝐶(𝑠) · 𝐺(𝑠)
1 + 𝐶(𝑠) · 𝐺(𝑠)
=
(𝐾𝑃 + 𝐾𝐷𝑠)(𝑙𝑠 + 𝑣𝛼)
(𝑠2 + 𝑣2𝑐2) + (𝐾𝑃 + 𝐾𝐷𝑠)(𝑙𝑠 + 𝑣𝛼)
 (10)  
And the bloc diagram of the system  
 
2.2.1. Stability 
Next step is to determinate the values of the gains 𝐾𝑃 and 𝐾𝐷 in order to impose a stable system. 
For this it is used the Routh-Hurwitz theorem to find the ranges of the gains that meet this need.  
The characteristic polynomial is given by 
 𝑄(𝑠) = 1 + 𝐶(𝑠) · 𝐺(𝑠) = (1 + 𝐾𝐷𝑙)𝑠
2 + (𝐾𝑃𝑙 + 𝐾𝐷𝑣𝛼)𝑠 + (𝑣
2𝑐2 + 𝐾𝑃𝑣𝛼)
= 𝑠2 +
(𝐾𝑃𝑙 + 𝐾𝐷𝑣𝛼)
(1 + 𝐾𝐷𝑙)
𝑠 +
(𝑣2𝑐2 + 𝐾𝑃𝑣𝛼)
(1 + 𝐾𝐷𝑙)
 
(11)  
The parameters that accompany each grade are the ones needed to implement this method 
which ordered from higher to lower grade are 𝑎2 = 1, 𝑎1 =
(𝐾𝑃𝑙+𝐾𝐷𝑣𝛼)
(1+𝐾𝐷𝑙)
 and 𝑎0 =
(𝑙2𝑐2+𝐾𝑃𝑣𝛼)
(1+𝐾𝐷𝑙)
. 
 
Figure 6 – Bloc diagram of the system 
 
Figure 6 – Bloc diagram of the controller 
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The theorem says that the number of sign changes between the coefficients of the first column 
corresponds to the number of positive roots of the system, so there must be no sign changes 
since for a system to be stable all roots must have a negative real part 
 𝑠2 𝑎2 𝑎0 
𝑠1 𝑎1 0 
𝑠0 𝑏1 𝑏2 
 
(12)  
   
Where 𝑏1 = −
1
𝑎1
|
𝑎2 𝑎0
𝑎1 0
| = 𝑎0 and 𝑏2 = −
1
𝑎1
|
𝑎2 0
𝑎1 0
| = 0 
Imposing that parameters from the first column must be positive, the following relation is found 
 𝐾𝑃𝑙 + 𝐾𝐷𝑣𝛼 > 0 (13)  
 𝑙2𝑐2 +𝐾𝑃𝑣𝛼 > 0 (14)  
As it is known that the rest of parameters 𝑙, 𝛼, 𝑣, 𝑐 defined before are always positive, the 
following restrictions are the ones to determine the stability of the system  
 
𝐾𝑃 >
−𝑣𝑐2
𝛼
  (15)  
 
𝐾𝐷 >
𝑙𝑐2
𝛼2
 (16)  
In case of following a straight line defined by 𝑐 = 0, the restriction is 𝐾𝑃 > 0 and 𝐾𝐷 > 0. 
 
2.2.2. Pole location 
To obtain a stable system the poles of it must have negative real part. Since the characteristic 
equation is of second order, there are two imaginary poles conjugated according to 
 
{
𝑝1 = −𝜎 + 𝜔𝑗
𝑝2 = −𝜎 − 𝜔𝑗
 (17)  
Where 𝜎 =
4
𝑡𝑠
 and 𝜔 =
−𝜋𝜎
𝑙𝑛(𝑀𝑝)
  
The parameter 𝑡𝑠 is the settling time defined as the time where the response reaches the 98% of 
its value and 𝑀𝑝 is the maximum overshot defined as the maximum peak value of the response 
measured from the desired response of the system. These parameters are imposed depending on 
the desired response of the system.  
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In order to determine the values of 𝐾𝑃 and 𝐾𝐷, as it is known that the condition of stability is 
determined by its poles, it is imposed a desired characteristic polynomial 𝑄′(𝑠) as follows 
 𝑄′(𝑠) = (𝑠 − 𝑝1)(𝑠 − 𝑝2) = 𝑠
2 + (−𝑝1 − 𝑝2)𝑠 + (𝑝1𝑝2) (18)  
Imposing 𝑄′(𝑠) = 𝑄(𝑠) and equalizing the parameters that accompany each grade as follows 
 𝑎1 = −𝑝1 − 𝑝2 = 2𝜎 (19)  
 𝑎0 = 𝑝1𝑝2 = 𝜎
2 +𝜔2 (20)  
It is obtained a relation between the value of the gains and the parameters of the poles 
determined by 
 
𝐾𝐷 =
2𝜎 − 𝐾𝑃𝑙
𝑣𝛼 − 2𝜎𝑙
 (21)  
 
𝐾𝑃 =
2𝜎𝑙𝛾 + 𝛽(1 − 𝑣2𝑐2)
𝛾𝑙2 + 𝛽𝑣𝛼
 (22)  
Where 𝛾 = 𝜎2 +𝜔2 and 𝛽 = 𝑣𝛼 − 2𝜎𝑙 
With this relation it is possible to determine the optimum value of the gains while the stability 
condition is met. 
It must be taken into account that these values of 𝐾𝑃 and 𝐾𝐷 are considering that there are no 
zeros (roots in the numerator) which is not the case. When doing the simulations with these 
values, a different response to the one imposed with 𝑡𝑠  and 𝑀𝑝  will be observed due to the 
influence of the zeros, so the gains will have to be adjusted in order to meet the desired 
requirements. 
 
2.3. Simulations 
In the following section different simulations are done in order to adjust the value of the gains of 
the controller, using Matlab and Simulink. 
To model the plant of the system in Matlab it has been used the linearized form from [1], to make 
it easier to work with. This model has the following structure 
 𝐺(𝑠) = 𝐶(𝑠𝐼 − 𝐴)−1𝐵 (23) 
Where 𝐴 =
𝑣
𝛼
(−𝑐
2𝑙 −1
𝑐2 𝑐2𝑙
), 𝐵 = (
𝑙
−1
) and 𝐶 = (1 0) 
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Once the plant and all the parameters are defined in Matlab with 𝐾𝑃 and 𝐾𝐷 as in (21) and (22), 
the system is modelled in Simulink adding visualizers in time, u2 and d response it is possible to 
graph these signals in order to study them. 
The following is the Simulink model 
 
2.3.1. Implication of the parameters in the response 
In the first place, a study has been carried out to see how the variation of the variable parameters 
of the system affects the response obtained. 
These are the curvature of the line followed 𝑐, the settling time 𝑡𝑠 and the overshoot 𝑀𝑝 of the 
system, but the settling time and the overshoot are parameters imposed at the beginning 
according to the conditions of the system and the proposed requirements, however the curvature 
can vary throughout the study depending on the path followed. Therefore to carry out the 
simulations different values of 𝑡𝑠 and 𝑀𝑝 have been imposed and from there it has been observed 
how the curvature affects the system. 
The maximum value of the curvature that Matlab accept is 14.7, so the simulations performed 
took five different values of 𝑐 between 0 (straight line) and 14. 
 
Figure 7 – Simulink model of the system 
 
Figure 8 – Simulink model of the controller 
 
Figure 9 – Simulink model of the plant 
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- 𝑡𝑠 = 0.5𝑠 and 𝑀𝑝 = 5%  
  
Figure 10 – Simulation (left) and zoom of the stationary state (right) 
 
- 𝑡𝑠 = 0.5𝑠 and 𝑀𝑝 = 80% 
  
Figure 11 – Simulation (left) and zoom of the stationary state (right) 
 
- 𝑡𝑠 = 2𝑠 and 𝑀𝑝 = 5% 
  
Figure 12 – Simulation (left) and zoom of the stationary state (right) 
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- 𝑡𝑠 = 2𝑠 and 𝑀𝑝 = 80%  
  
Figure 13 – Simulation (left) and zoom of the stationary state (right) 
 
 
- 𝑡𝑠 = 5𝑠 and 𝑀𝑝 = 5% 
  
Figure 14 – Simulation (left) and zoom of the stationary state (right) 
 
- 𝑡𝑠 = 8𝑠 and 𝑀𝑝 = 5% 
  
Figure 15 – Simulation (left) and zoom of the stationary state (right) 
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- 𝑡𝑠 = 8𝑠 and 𝑀𝑝 = 80% 
  
Figure 16 – Simulation (left) and zoom of the stationary state (right) 
 
 
These simulations show that the effect of the curvature of the path followed it is more significant 
as the settling time and the overshoot increase, but as this parameter is an external factor it is not 
possible to control, so adjusting the values of 𝑡𝑠 and 𝑀𝑝 according to the requirements of the 
system, the design of the controller will be done. 
 
2.3.2. Tuning of 𝑲𝑷 and 𝑲𝑫 according to the system requirements 
To meet the requirements of the system it has been determined the maximum speed that can 
reach the wheels of the vehicle, since it is equivalent to the maximum power of the engine. 
It has been measured with the charged batteries (5V) and when the vehicle is both in contact and 
not in contact with the ground. 
In the following graphs it can be observed that there is not an important difference between the 
vehicle being in contact or in non-contact, but since the studies are carried out with the vehicle in 
contact with the ground, the maximum speed is sought in this state.  
 
Figure 17 – Wheels speed in contact with the ground 
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Figure 18 – Wheels speed in no contact with the ground 
 
It must be taken into account that when making the tests in contact with the ground, the data 
collection is limited to the path that the vehicle can follow. As the tests were done in the 
laboratory, the duration of the test is shorter because when encountering obstacles, the robot 
has a device that makes it stop before crashing, so at the end of each test there is a peak fall in 
speed.  
The maximum values obtained in the contact test are 11.8 rad/s for left wheel and 12.39 rad/s for 
the right wheel. 
Once the maximum speed that each wheel can reach has been found, it can be limited the range 
of angular speed 𝑢2 in which the vehicle can work according to the kinematic relation of the 
system (1) and (2) as follows 
 
𝑢2 <
1
𝑅
 (𝑟𝜔𝑅𝑚𝑎𝑥 − 𝑢1) 
𝑢2 >
1
𝑅
 (𝑢1 − 𝑟𝜔𝐿𝑚𝑎𝑥) 
(24) 
The maximum speed values of each wheel are different but in motion both wheels must have the 
same speed to follow a straight line, therefore the angular speed range 𝑢2 of the vehicle is 
determined taking the minimum between the maximum speeds measured as the maximum that 
can be achieved at the same time. So 𝜔𝑅𝑚𝑎𝑥 = 𝜔𝐿𝑚𝑎𝑥 = min(11.8 ; 12.39) = 11.8 
𝑟𝑎𝑑
𝑠⁄  
Knowing these restrictions, the appropriate value of the gains 𝐾𝑃 and 𝐾𝐷 can be determined by 
checking the response through simulations. The main point of these simulations is to verify that 
the maximum value of the response, which is the angular speed, is in the rank determined by 
−1.3706 𝑟𝑎𝑑 𝑠⁄ < 𝑢2 < 1.3706
𝑟𝑎𝑑
𝑠⁄  
With the previous simulations it has been possible to determine that the angular speed 𝑢2 
decreases as the overshoot decreases and increases the settling time.  
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In the following simulations it is imposed 𝑐 = 0 and the maximum angular speed 𝑢2 =
1.3706𝑟𝑎𝑑 𝑠⁄ , so it is easy to see the behaviour of the response when varying the overshoot 
(between 0 and 90%) and the settling time (between 0 and 5s) by separate. 
Testing different values, doing the relevant simulations and taking into account that the 
overshoot is usually between 5 and 10% and that it is not desired to have a high settling time, it 
has been proposed the values 𝑡𝑠 = 3.6𝑠 and 𝑀𝑝 = 5%. 
 
With these parameters the maximum speed required by the wheels is within the determined 
range. Varying the parameters minimally it is possible to get a speed closer to the maximum 
imposed but considering that these changes are hundreds of seconds it has been worked with 
these values, obtaining the following values for the gains 𝐾𝑃 = 24.4731 and  𝐾𝐷 = 19.3172. 
  
Figure 19 – Response when Mp varies (left), response when ts varies (rigth) 
 
Figure 20 – Response for maximum u2 desired 
Control design and implementation of a twin robot  Pg. 19 
 
 
3. Hardware and software description  
3.1. STM32F4-Discovery Board 
It is a development board aimed at both beginner and experienced users that allow creating and 
developing applications through a high performance microcontroller. 
It offers the following features: 
 STM32F407VGT6 microcontroller featuring: 
- 32-bit ARM Cortex-M4 with FPU core 
- 1 Mb Flash memory 
- 192 Kb RAM in a LQFP100 package 
- 168 MHz clock rate 
 ST-LINK embedded tool for programing and debugging 
 USB ST-LINK with re-enumeration capability and three different interfaces: Virtual COM 
port, mass storage and debug port. 
 Board power supply through USB cable or an external 3V-5V power supply. 
 LIS3DSH ST MEMS 3-axis accelerometer. 
 MP45DT02 ST MEMS audio sensor omni-directional digital microphone. 
 CS43L22 audio DAC with integrated class D speaker driver. 
 Eight LEDs: 
- LD1 (red/green) for USB communication. 
- LD2 (red) for 3.3 V power on. 
- Four user LEDs: LD3 (orange), LD4 (green), LD5 (red), LD6 (blue). 
- 2 USB OTG LEDs LD7 (green) VBUS and LD8 (red) over-current. 
 Two push buttons: user and reset. 
 USB OTG FS with micro-AB connector. 
 Extension header for all LQFP100 I/Os for quick connection to prototyping board and easy 
probing. 
 Comprehensive free software including a variety of examples, part of the STM32CubeF4 
package or STSW-STM32068 for legacy standard library usage. 
In this project the main peripheral used is the accelerometer, still others are used such as the 
push buttons and the LEDs to control the operation of the device and the turning on and off of the 
system, and others used in [1] and [2]. 
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3.1.1. Accelerometer LIS3DSH 
The accelerometer is the component LIS3DSH an ultra-low-power high-performance three-axis 
lineal accelerometer, which is able to pick up the acceleration in the three prefixed axis according 
to the Figure 22, and can be programmed to implement autonomous applications as motion-
controlled user interface, gaming and virtual reality, pedometers, intelligent power saving for 
handheld devices, display orientation, click/double-click recognition, impact recognition and 
logging, vibration monitoring and compensation. 
The features of the device are: 
 Wide supply voltage 1.71V-3.6V 
 Independent IOs supply (1.8V) and supply voltage compatible 
 Ultra-low power consumption 
 ±2g/±4g/±6g/±8g/±16g dynamically selectable full scale 
 I2C/SPI digital output interface 
 16-bit data output 
 
Figure 21 – STM32F4-Discovery Board 
 
Figure 22 – Layout of the axes according to the 
accelerometer 
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 Programmable embedded state machines 
 Embedded temperature sensor 
 Embedded self-test 
 Embedded FIFO buffer 
 10000g high shock survivability 
 ECOPACK, RoHS and ‘Green’ compliant 
 
The units of measurement used are mg, where gravity is 1000mg. For this application the 
dynamically rank it is set to ±2g in the three axes, as it is the lowest rank possible and the vehicle 
is not able to reach these values. 
It must be taken into account that during the project all the kinematic relations have been made 
defining that the linear speed 𝑢1 is on the x axis, so at the moment of coupling the plate to the 
vehicle, this has to be oriented so that the x axis of the accelerometer is in the direction of 
rectilinear movement of the vehicle. 
3.1.2. User and reset buttons 
User button is connected to I/O PA0 pin of the microcontroller and reset button to NRST which 
function is to reset the microcontroller. 
The user button it can be given different uses according with the purpose. In this project it 
controls the start-up of the vehicle and the axes calibration system of the accelerometer which is 
explained later. 
 
3.2. WiFi access point and network router 
The WiFi control system comes from [2] which consisted of implementing a communication via 
WiFi between the vehicle and the computer. This communication allows carrying out tests with 
the vehicle without having to be connected by cable to the computer. The communication allows 
you to send orders from the computer and at the same time receive the desired information 
acquired by the board. 
The WiFi module ESP8266 is used, which is directly 
coupled to the vehicle and allows WiFi connection. It is a 
low cost device that uses a serial port IP for sending 
data, and therefore can be implemented in many more 
devices. An important point is that the work of the 
device does not interfere with that of the 
microcontroller. 
It is also necessary to use a WiFi access point to create 
the network to which the vehicles and the control computer will connect. 
 
Figure 23 – WiFi module ESP8266  
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All this part is implemented and explained in [2], where the structure of the system is the 
following 
3.3. Software  
3.3.1. Eclipse and System Workbench (for STM32) 
Eclipse is an integrated development environment of code that allows developing projects in 
different languages as C, C++, Python and others as long as the connectors needed for each 
language are installed. 
System Workbench is one of the Eclipse environments that provide a software development, 
compile and debug tools for STM32 boards and allow creating an integrated project for the 
development board used. 
 About this software it has been able to implement the project using code written in C language 
the previous projects [1] and [2]. 
In the annexes is the entire code. 
3.3.2. Viewers  
3.3.2.1. STMStudio 
This program allows viewing and recording the behaviour of the parameters desired on the screen 
in real time but with the disadvantage that it can only work with the vehicle connected by cable to 
the computer. 
 
Figure 24 – WiFi connections from [2] 
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It is a useful tool when determining parameters that do not require the continuous movement of 
the vehicle as the noise detected by the accelerometer and the deviation of the axes thereof. 
It is an easy software to use and understand. It consists of a manual [6] which explains step by 
step the installation and configuration of the software as well as the use, study and visualization 
of the variables. Also it is possible to change the behaviour of the variables in real time using 
mathematical expressions, but these changes are not made in the code, that is to say they are 
momentary variations to be able to do different tests. 
  
3.3.2.2. Python application - Python (x,y) 
Python(x, y) is a free scientific and engineering development software for numerical calculations, 
data analysis and visualization based on the Python programming language, Qt user graphical 
interfaces and the interactive scientific development environment Spyder.  
In [2] was already implemented a python application that allowed visualization of parameters by 
WiFi. This application facilitates the study of the parameters at a more advanced level, since it 
allows receiving data of the vehicle when it is in movement without needing to be connected to 
the computer, as well as to send orders to him. It is a very versatile application since it can be 
modified according to the needs as adding other parameters or graphics modifying the code. 
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4. Signal conditioning 
As previously mentioned, to implement the derivative controller the signal emitted by the 
accelerator is used directly, so it must be conditioned in order to obtain good results. 
For this, a low-pass filter has been designed to avoid possible spikes and erroneous values, and 
also an axes rotation system to always obtain the desired signal. 
 
4.1. Low-pass filter design 
The response will just be better as long as there is no noise signal, in case of having noise the 
derivative controller will amplify it, that is why a first order filter has been implemented. 
As discussed above, the data obtained by the accelerometer come from variations of its 
environment, therefore not only detects acceleration changes on the board, which is the useful 
information, but that part of the data obtained are erroneous. 
The signal known as the noise signal is the one that gives these erroneous data. In the electrical 
and electronic field, noise is considered to all electrical disturbances that interfere with the 
transmitted or processed signals. An irregular signal complicates the implementation of many 
operations and on the other hand, being in motion this can give amplified values. 
The magnitude of the noise that detects the accelerometer can be checked by taking data for a 
certain time, keeping it as quiet as possible. Then the value of this signal is shown graphically for 
the three axes. 
 
 
Figure 25 – Accelerometer data without filter 
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The accelerometer works in mg so that at rest only the force of gravity appears on the z axis 
around 1000mg and in sight, it can be seen that the value of this signal does not seem significant. 
Knowing that the measurement range is between ±2000mg and the noise ranges in a range of 
30mg the signal, it can be analytically verified that it only represents 0.75% of the signal. This may 
mean that the noise is due to the sampling time of the accelerometer itself. 
To obtain a cleaner signal, a discrete low-pass filter is implemented, which eliminates the highest 
frequency signals. These types of filters have the following iterative form  
 
𝐺(𝑠) =
𝑈(𝑠)
𝑉(𝑠)
=
𝜔0
𝑠 + 𝜔0
 (25) 
 (𝑠 + 𝜔0) · 𝑈(𝑠) = 𝜔0 · 𝑉(𝑠) (26) 
Where U(s) is the output signal and V(s) the input signal of the parameter is desired to filter, in 
this case will be the acceleration. 
Applying the inverse transform of Laplace the continuous form in time is obtained as shown 
below 
 𝑑𝑢
𝑑𝑡
+ 𝜔0 · 𝑢(𝑡) = 𝜔0 · 𝑣(𝑡)  (24) 
 
The device does not work continuously, that is, it does not collect data continuously but rather it 
does it every so often. For this reason, it is necessary to go from continuous time to discrete time 
applying the definition of the derivative, with which the following model is obtained 
 𝑢𝑘+1 − 𝑢𝑘
𝑇𝑆
= 𝜔0 · [𝑣𝑘 − 𝑢𝑘]    
 𝑢𝑘+1 = 𝑢𝑘 · [1 − 𝑇𝑆 · 𝜔0] + 𝑣𝑘 · 𝑇𝑆 · 𝜔0  
(28) 
In it, the parameter TS is the signal period of the accelerometer, known as the sampling time, 
which is the time between each data collection and 𝜔0 is the cut-off frequency so, therefore the 
maximum frequency that the filter will allow to pass. 
The noise signal does not follow any regular model from which its period can be obtained directly, 
then a series of possible periods are approximated graphically with which the means will be made 
to determine this value. It is determined to the three axes, a frequency of noise between 8 and 10 
Hz, therefore ω is around 50rad/s. 
In order to determine the cut-off frequency of the filter, a spectral analysis must be carried out 
with which the highest frequencies that are to be eliminated by the filter are obtained. 
The sampling time of the accelerometer is 1ms but in order to pick up the data, one of the two 
viewers must be used that have another sampling time. This means that the data obtained finally 
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would have been sampled twice at different times, which is not correct and although a sampling 
was imposed on the viewers equal to that of the accelerometer, they would not have to be 
synchronous so it would continue to be Incorrect. 
Consequently, a more experimental method has been used to make a sampling of the data using 
an oscilloscope and a Dac at a lower speed (50μs) than that of sampling (1ms). The answer 
obtained for the x axis noise at rest is as follows 
The signal amplitude (y axis) is somewhat above 100mV, a very small value compared to the 
measurement range of the accelerometer which is between ±2V. The time division (x axis) is 1ms 
where a peak corresponding to the accelerometer data jack is observed. With this, it can already 
be verified that the noise comes from the accelerometer itself.  
A FFT spectral analysis has been done with the oscilloscope trying to produce a sinusoidal signal 
(this signal has been done manually so it is an approximation since it does not follow a correct 
sinew form). 
 
Figure 26 – Response trough the Dac 
 
Figure 27 – Spectral Analysis in the oscilloscope 
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The bottom screen shows the two frequency spectrum of the signal centred in the middle of the 
screen and with a frequency division (x axis) of 2.5kHz. The centre peak is due to the continuous 
signal and as it has been supposed previously, there is no significant noise signal, not even the 
sampling one that is 1kHz (sampling of 1ms). All other signals are due to white noise and that the 
signal is an approximation.  
With all this, it has been proposed to also implement the filter to work with cleaner signals and 
eliminate the small noise set around 50Hz. A cut-off frequency of 10rad/s has been proposed and 
as it is known that the data collection period TS is 1ms, the algebraic shape of the filter is as 
follows  
 𝑥𝑘+1 = (1 − 0.01) · 𝑥𝑘 + 0.01 · 𝑥 
𝑦𝑘+1 = (1 − 0.01) · 𝑦𝑘 + 0.01 · 𝑦 
𝑧𝑘+1 = (1 − 0.01) · 𝑧𝑘 + 0.01 · 𝑧 
(29) 
 
Where x, y and z are the values obtained by the accelerometer and the values with subscript k 
and k+1 are the previous and current filtered values.  
An important addition is that for the data obtained in the y and z axis of the accelerometer the 
same previous study has been done, obtaining very similar results to those of the x axis, for that 
reason the same filter has been implemented to the three axes  
Once the filter is applied to the oscilloscope, a small reduction in the amplitude of the signal is 
observed. 
Although it seems a change almost non-existent, below is shown by the viewer the improvement 
of the response to each axis when it is at rest and when a movement is made wherever x, y and z 
are the unfiltered signals and xk+1, yk+1 and zk+1 are the leaked signals. 
 
Figure 28– Comparaison of the response with the Dac without using filter (left) and with it (rigth) 
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4.2. Axes rotation system 
For the study carried out, it is necessary that the x and y axes are always parallel to the ground, or 
in other words, that the axis z is always perpendicular to the ground. Therefore, as it is assumed 
that the vehicle will only move parallel to the ground (without changes of height) the z 
acceleration component must constantly show the action of gravity (1g), the component y the 
acceleration rectilinear and the component x will appear when rotating (it also appears if there is 
movement perpendicular to the axis and but it is not taken into account since the vehicle cannot 
make this movement).  
 
Figure 29 - Comparison of the filtered and unfiltered signals at rest 
 
 
Figure 30 - Comparison of the filtered and unfiltered signals in motion 
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As the accelerometer itself has determined the orientation of the axes, as shown in section 3.1.1, 
when coupling the board to the vehicle due to irregularities in contact and ground surfaces, these 
will not be well-oriented. To solve this, a rotation of the axes is carried out.  
 Below is how the real axis and the accelerometer axis would be available when the bard is 
oriented in different ways. 
 
   
Figure 31 – Orientation of the accelerometer axes and the real axes 
 
The rotation system used is very common in navigation systems and is based on the rotation 
independent roll, pitch and yaw of the axes x, y and z respectively. This system determines that 
the orientation of an object with respect to the axes of the earth, can be described according to a 
rotation of each axis x, y and z. 
In this way, once the board is attached to the vehicle and in a state of rest, it can be determined 
which deviation have the axes of the accelerometer relative to those of the earth. 
The rotation on the z axis is not considered since the imposed condition is that this axis is linear 
with gravity, and it is assumed that the orientation of the x and y axis once coupled the plate to 
the vehicle, is correct. The reference of the rotation system is therefore the component of gravity 
since it is always constant. 
In the first place the angles of rotation with respect to axis x and y are determined when the 
vehicle is at rest, since thus all the acceleration that detects the accelerometer (xg, yg, zg) in any of 
the three axes will be part of the gravity. 
Pg. 30  Thesis 
 
 
𝑔 = √𝑥𝑔
2 + 𝑦𝑔
2 + 𝑧𝑔
2  
 
𝜙 = tan−1 (
𝑦𝑔
𝑧𝑔
) 
 
𝜃 = tan−1
(
 
𝑥𝑔
√𝑦𝑔
2 + 𝑧𝑔
2
)
  
 
𝜓 = 0 
 
 Figure 32 – Acceleration decomposition 
 
Once these parameters have been determined, the change of axes can be carried out. It has been 
taken into account that in motion, the accelerometer detects both the acceleration, which is the 
part that is wanted to be obtained, and the action of gravity therefore, it must be eliminated. 
Accelerations in motion captured by the accelerometer {
𝑥
𝑦
𝑧
 
Acceleration at rest {
𝑥𝑔
𝑦𝑔
𝑧𝑔
 
Desired accelerations {
𝑥′ = 𝑥 − 𝑥𝑔
𝑦′ = 𝑦 − 𝑦𝑔
𝑧′ = 𝑧 − 𝑧𝑔
 
 
It has been decided to make the rotation in order x, y, z, therefore the rotation matrix R = Rx ·
Ry · Rz remains as follows: 
 
𝑅 = [
cos𝜃 cos𝜓 cos 𝜃 sin𝜓 −sin𝜃
cos𝜓 sin𝜃 sin𝜙 − cos𝜙 sin𝜓 cos𝜙 cos𝜓 + sin𝜃 sin𝜙 sin𝜓 cos 𝜃 sin𝜙
cos𝜙 cos𝜓 sin𝜃 + sin𝜙 sin𝜓 cos𝜙 sin𝜃 sin𝜓 − cos𝜓 sin𝜙 cos𝜃 cos𝜙
] (30) 
 
Therefore, the system that determines the final accelerations after the filter has passed, 
eliminated the gravity component and correctly oriented, is as follows: 
 
(
𝑎𝑥
𝑎𝑦
𝑎𝑧
) = 𝑅(
𝑥′
𝑦′
𝑧′
) =⏟
𝜓=0
(
𝑥′ · cos 𝜃 − 𝑧′ · sin 𝜃
𝑥′ · sin𝜃 sin𝜙 + 𝑦′ · cos𝜙 + 𝑧′ · cos𝜃 sin𝜙
𝑥′ · cos𝜙 sin𝜃 − 𝑦′ · sin𝜙 + 𝑧′ · cos𝜃 cos𝜙
) (31) 
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5. Experimental tests 
The last part of this work is that once the gains have been determined and the controller has been 
implemented, the following circuit is followed to see how the robot really responds.  
 
 
Figure 33 – Path of the circuit 
 
As discussed above, the real answer does not have to look like the simulated since there are many 
parameters of the robot that are not taken into account.  
Two tests have been done giving random values to 𝐾𝑃 and 𝐾𝐷 and a last one with the values 
obtained theoretically in section 2.3.2. These values are the following: 
TEST 𝑲𝑷 𝑲𝑫 
1 1 2 
2 2 5 
3 19 24 
TABLE 2 - GAINS IN EACH TEST 
 
The first parameter studied in these tests has been the distance between the sensor and the line 
of the circuit 𝑑, determining the error that is made by varying the gains. 
 
Figure 34 – Response for parameter d 
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The graph clearly shows the pattern of each round and with very similar values between each 
test. The fact that for different values of the gains this parameter varies so little is not the answer 
that was expected and suggests that something does not work as it should. 
Then the angular speed of the vehicle has been studied since on one hand the angular speed 
desired by the controller is known and on the other hand, by means of the kinematic relation (2) 
the actual speed at which the vehicle is operating can be calculated. 
 
Figure 35 – Response for parameter u2 
 
In this case, an expected response is obtained, since the speed desired by the controller is an ideal 
speed that does not take into account frictions and external factors that affect the real speed, 
making it always lower. In addition, it can be observed that the real speed is within the working 
range determiner in section 2.3.2.  
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CONCLUSIONS 
 
The conclusions of this work have not been all expected. It has worked with a very simplified 
model which is affected by different factors to which the supply of work did not reach, therefore 
the response of the controller has not been the ideal. 
Still, another of the objectives of the work was the theoretical design of a derivative controller 
that directly uses the acceleration detected by the accelerometer, which has been carried out 
throughout the study of the system and once achieved has been validated by simulations in 
Matlab, where it has been observed that the response of the system was correct and concordant 
with the specifications of the system. 
Therefore, the echo of the implementation is left for later projects in which the factors that affect 
its functioning are studied. 
Finally, another intermediate objective of the work, was the realization and implementation of a 
low pass filter to obtain a cleaner signal of the acceleration, and a system of rotation of the axes 
of the accelerometer. Both have been validated experimentally giving good results and proving 
that they were correct.  
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BUDGET 
 
This work corresponds to 12 ECTS credits equivalent to 300 hours of which has been divided into 
150 work in the laboratory, 100 autonomous work of learning and information search, and 50 in 
the preparation of documentation. 
As it is an end-of-grade project, no salary has been received nor has it been necessary to purchase 
the necessary work devices, but taking into account that a salary has been received and that the 
necessary tools are not available, the budget it would be like this: 
CONCEPT UNIT RATE [€/UT] UNITS [UT] COST [€] 
WORKING HOURS 25 300 7500 
PERSONAL COMPUTER 700 1 700 
MICROCONTROLLER 10 1 10 
SOFTWARE 0 0 0 
SUBTOTAL   8210 
VAT (21%)   1724 
TOTAL   9934 
TABLE 3 - BREAKDOWN OF THE BUDGET 
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ANNEXE: Software Code 
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